Introduction
Seaweed depletion is a serious problem in coastal areas in Japan and other parts of the world and results in barren ground. 1) Several reasons for the development of barren ground have been proposed, including elevated seawater temperatures, grazing by herbivores such as sea urchins [2] [3] [4] and a shortage of dissolved iron, which encourages the growth of seaweeds, such as gametophytes of Laminaria angustata Kjellman. 5) In alkalescent seawater, however, dissolved Fe(II) is oxidized to Fe(III) by dissolved oxygen, and Fe(III) reacts readily with OH − to form an Fe(OH) 3 precipitate. It is important to fertilize barren ground with stable dissolved Fe to restore seaweed beds.
A method for restoring seaweed beds has been developed 6, 7) that uses a mixture of industrial by-products and unused biomass 8) including humic substances (steelmaking slag and compost) to increase Fe concentration in coastal barren ground. The effects of the mixing of steelmaking slag and compost, 8, 9) the formation of complexes, 10) and the characteristics of Fe elution from steelmaking slag and compost 11) have been studied. However, the effects of seawater temperature on Fe elution and the addition of organic compounds to steelmaking slag on the increase in Fe elution have not been investigated.
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KEY WORDS: seaweed bed restoration; steelmaking slag; iron elution; temperature; organic matter. effect of compost on Fe elution. We also examined powdered bamboo and powdered bamboo charcoal as representatives of organic materials mixed with steelmaking slag and compost. We chose bamboo because a use is needed for unused bamboo biomass produced by neglected bamboo forests in Japan. [12] [13] [14] 2. Experimental Methods
Samples and Testing Apparatus
For the elution test, we used seawater collected in Omura Bay, Nagasaki prefecture, Japan, in the area of barren ground along the eastern part of the bay near the mouth of Koori River.
The samples were prepared from steelmaking slag, compost, bamboo and commercial bamboo charcoal (hereinafter, Charcoal; Tachibana Bamboo Co., Ltd.). The same steelmaking slag (Nippon Steel & Sumitomo Metal Co., Ltd.) 11) was used and its properties are shown in Table 1-1. Compost was produced from waste wood by using a composting accelerator. The accelerator was prepared by fermenting sewage sludge containing microorganisms capable of growth in an anaerobic environment, along with aerobic microorganisims.
15) The amount of Fe included in the compost sample is 2.55 wt% 11) and its representative properties are shown in Table 1-2. 16) The powdered bamboo (hereinafter, Bamboo) which was made from waste bamboo, the waste bamboo was dried naturally and contained some moisture. The components of Bamboo & Charcoal shown in Tables 2-1, 2-2 17) and 2-3.
18) The particle size of the steel-making slag was 500 μm to 1 mm, whereas that of compost, Bamboo and Charcoal were less than 2 mm. Fe elution tests were conducted in batches in small glass tanks (200 × 340 × 245 mm, D × W × H). The tanks were covered with a lid to prevent seawater evaporation. A glass tube for aeration (5 mm outer diameter, 3 mm inner diameter, and 230 mm long) was inserted into each tank through a hole (100 mm 2 ) in the lid. Fe elution tests were carried out in aerated water (e-Air 1000s, JACCS Co.). Figure 1 shows a schematic of the experimental apparatus.
Effect of Seawater Temperature on Fe Elution
In a previous study, three samples, which were slag, compost, and the mixture of slag and compost (volume ratio of 1:1), were used in Fe elution tests. The largest Fe elution rate was found when using a 1:1 (v/v) mixture of steelmaking slag and compost.
11) The samples used in the present study were prepared as follows.
Slag (0.02 kg, with a volume defined as V 0 ) was mixed with the same volume of compost (V 0 ), so that the slag/ compost volume ratio was 1:1. Voids between particles of slag and compost were included in the volume. The samples were placed in bags (9.5 cm × 7 cm), composed of polyester and polyethylene, and then added to tanks containing 11 L of seawater. Because seaweed growth is affected by changes in temperature of 1 or 2 K, tanks with seawater temperatures maintained at 297, 298, 299, and 301 K were used. Six tanks were prepared at each temperature. A sample of seawater (200 mL) was collected from each tank once a week and the Fe concentration was analyzed with a UV/Vis spectrophotometer (V-560, Jasco) using phenanthroline.
11)
The concentration was converted to the Fe concentration in 11 L of seawater because the blank values were decreased by sampling.
At each temperature, three of the six tanks were kept as-is without removing the samples of slag and compost during the test (tank type 1). From the other three tanks, the samples of slag and compost were removed when the Fe concentration in seawater became stable at 7 weeks (tank type 2). Fe concentrations were analyzed in each tank by the same method.

Effect of Bamboo Addition on Fe Elution
Fe elution tests were conducted using samples prepared from Bamboo and Charcoal ( Table 3) . The Fe concentration in the seawater was analyzed every 3 days and was used to calculate the amount of Fe elution and the Fe elution rate. Fe elution was also measured using samples prepared by mixing Bamboo and Charcoal with compost ( Table 4) . 
(0.02 kg slag, with a volume defined as V0) During the elution test, we also monitored the carbon elution from Bamboo and Charcoal with an organic carbon meter (TOC-VCSN, Shimadzu). 19) A standard volume of slag (0.02 kg) was used, and each sample was installed in a tank filled with 11 L of seawater in this study. 
... (I)
Although the apparent Fe elution rate remained almost constant after 4 weeks, the amount of Fe oxidation and precipitation, and Fe absorption by microorganisms were in equilibrium with the amount of Fe elution. In other words, the true Fe elution rate exceeded the total of the Fe oxidation, precipitation, and Fe absorption by microorganisms up to 4 weeks, whereas the Fe elution rate from the samples decreased, and then became constant. Table 5 shows the apparent Fe elution rates calculated from the change in the Fe concentrations up to 4 weeks at each seawater temperature shown in Fig. 2 . This indicates that the apparent Fe elution rate increases with increase of the seawater temperature. The effect of the seawater temperature on the Fe elution can be explained as follows.
The reaction rate constant can be represented by the Arrhenius equation in Eq. (II). 
.(II)
Here, A is the frequency factor, Ea is the activation energy, R is the gas constant, and T is the absolute temperature. The reaction rates increase as the seawater temperatures increases because the molecular collision probability increases, which increases the reaction rate constant, k. Fe was eluted from steelmaking slag and formed complexes with the organic compounds in compost. The complexation reaction rates increased with an increase in seawater temperature. Figure 3 shows the dependence of the Fe concentrations on time in tank types 1 and 2 to compare the Fe decrease rate at each temperature. The Fe concentrations in tank type 2 decreased after removing the samples of slagcompost fertilizer at 7 weeks. This is because removing the sample meant that only Fe oxidation and precipitation, and Fe adsorption by microorganism, occurred after 7 weeks, although the true Fe elution rate was the same as the Fe decrease rate up to 7 weeks. The Fe decrease rate became large as the seawater temperature increased (Fig. 3) . We defined the Fe concentration at the 7th week in tank type Figure 4 shows ln(C 0 /C) as a function of t according to Eq. (III), which was first order after the 7th week. A linear relationship was obtained for each temperature; thus, the reaction causing the Fe decrease was pseudo-first-order. We calculated the rate constant, k, for the reaction at each temperature ( Table 6 ). The results indicate that the Fe decrease rate in seawater increased with the temperature. Table 7 shows the apparent Fe elution rates, Fe decrease rates, and the true Fe elution rates calculated by Eq. (I). The true Fe elution rates increased with the increase in seawater temperature. It was confirmed experimentally that Fe elution rates emitted from the mixture of steelmaking slag and compost were affected by the temperature. Figure 5 shows the dependence of time on Fe concentration for the samples in Table 3 . The Fe concentrations under each condition were in the order blank < (slag + Charcoal) < (slag + Bamboo) < (slag + compost). Compost was the most effective material for increasing the Fe elution rate from steelmaking slag, although Bamboo and Charcoal also increased the elution rate. Figure 6 shows the results of the Fe elution test for the samples in Table 4 . A small amount of Fe elution was observed from sample A, which contained Bamboo, and from sample B, which contained Charcoal. Because compost contains Fe, 11) it was assumed that Bamboo and Charcoal also contain Fe. The organic matter in Bamboo and Charcoal appeared to bind to Fe to form organic Fe complexes. The Fe elution from sample D (sample C + Bamboo) and from sample E (sample C + Charcoal) was larger than the elution from sample C, and the Fe elution from sample D was the largest. This result was explained by the volumes of samples D and E being twice those of samples A, B, and C. However, the Fe elution from sample D was greater than that of the total Fe elution from samples A and C (Fig. 6) . Similarly, the Fe elution from sample E was larger than the total Fe elution from samples B and C. These results indicate that the mixture of Bamboo and Charcoal with steelmaking slag and compost mixture accelerated the Fe elution from the mixture. However, Bamboo was more effective than Charcoal for accelerating Fe elution from the mixture. One of the main factors was that organic matter in compost affects the acceleration of Fe elution by forming complexes. To validate this observation, the carbon elution from Bamboo and Charcoal were evaluated by monitoring the total organic carbon (TOC; Fig. 7 ). The TOC from Bamboo was larger than that from Charcoal. Although less carbon was present in Bamboo than in Charcoal as shown in Tables 2-1 and 2-3, the chemical forms of carbon in Bamboo were more advantageous than that in Charcoal in respect of elution into seawater. The possible reason is that the inorganic carbon was difficult to be eluted into seawater and the ratio was extremely high in Charcoal, since a portion of organic carbon in Bamboo was oxidized and released as CO or CO 2 gases during preparation for Charcoal. The elution of organic compounds from Bamboo and Charcoal may accelerate the formation of Fe humate complexes. The elution of organic compounds from Bamboo and Charcoal may accelerate the formation of Fe humate complexes. However, the main cause of the increase in Fe elution by mixing compost with Bamboo could not be explained. Therefore, in future work we intend to examine the structure of the organic matter in Bamboo and complex formation.
Effect of Bamboo and Charcoal on Fe Elution
Conclusions
We evaluated Fe elution from mixtures of steelmaking slag and compost, the dependence of the elution on seawater temperature, and the acceleration of elution by adding Bamboo and Charcoal. Fe elution at temperatures between 297 and 301 K showed that the apparent Fe elution rate, the Fe decrease rate, and the true Fe elution rate from the samples increased with the temperature. Further, our data showed the effect of mixing Bamboo with the compost on Fe elution was larger than that of Charcoal. The TOC elution test confirmed that carbon elution from Bamboo was larger than that from Charcoal, which is the main cause of the increase in Fe elution. We showed that the mixture of Bamboo with steelmaking slag-compost accelerated Fe elution by increasing the amount of organic matter in seawater.
